This paper describes the novel concept of applying a Randomized triangular carrier based Direct Space Vector Modulation (DSVM) technique to a three phase Matrix Converter (MC). MC is a direct AC-AC converter, has received a considerable interest as a viable alternative to the conventional Voltage Source Inverter (VSI). So far the MC has not been analyzed for harmonic spreading effect and spread factor of the output voltage spectrum. So, the ultimate aim is to explore the performance of harmonic spectra spreading effect and the Harmonic Spread Factor (HSF) using Pseudo Random Binary Sequence bit of Random Carrier DSVM for MC. The proposed method is analyzed using MATLAB/Simulink and their outputs validate the proposed modulation technique for the RL load and the open loop Induction Motor drives.
INTRODUCTION
The induction motor is usually fed from Voltage Source Inverter (VSI). In recent years, Matrix Converter (MC) has received considerable interest as a viable alternative to the conventional VSI [1] . MC is a direct AC-AC converter and reported to have attractive characteristics such as (i) inherent good four-quadrant operation, (ii) absence of bulky dc-link electrolytic capacitors, (iii) provides bi-directional power flow, nearly sinusoidal I/O current waveforms [2] and a controllable input power factor and (iv) increased power density [3] .
The control of the matrix converter topology is complex. Hence varies research studies were proposed to determine a suitable modulation strategy. Two modulation methods are popular and are considered namely the (i) Modulation Duty-Cycle (MDC) and (ii) Space Vector Modulation (SVM). The MDC use mathematical theory to represent the matrix converter. In Alesina Venturini (AV) method of [4] , the modulation strategy, allows to control fully the output voltages and the input power factor. The maximum voltage transfer ratio is not only limited to 0.5 [5] but also required the knowledge of the output power factor to control the input power factor control [11] . The inclusion of third harmonics does not affect the performance and hence 3 rd Several literatures illustrates that the MC has been analyzed to acquire a good four quadrant operation, nearly sinusoidal I/O current waveforms, unity displacement factor at the input side of MC. But they have not yet investigated the harmonic spreading effect and Harmonic Spread Factor (HSF) of the output voltage spectrum of MC. In the harmonic voltage spectrum of MC, there will be a cluster of harmonics at the switching frequencies and its multiples. This leads to an unpleasant acoustic noise, electromagnetic interference and mechanical vibration of an induction motor [12] [13] [14] [15] [16] . In order to overcome this problem, different approaches are carried out on which includes (i) switching with higher frequency > 18 KHz eliminates the noise problem but in turn increases the switching losses in the converter [15] (ii) active filter reduces total harmonics but makes cost as a concern. By considering these two factors, researchers turn their focus on random PWM (RPWM) from the year 1987. RPWM have gained a lot of attraction for ease implementation at harmonics are allowed in the input and output voltage waveforms to increases voltage transfer ratio up to the maximum of 0.866 [9] . This is the intrinsic limitation of the three-phase to three-phase matrix converter, with balanced I/O conditions. The technique has been extended with input power factor control leading to a very powerful modulation strategy called optimum AV method [7] . The scalar control modulation algorithm for MC is based on the Fictitious DC Link parameters [8] . It uses a two step process, namely rectification and inversion. It exhibits the similar performance as obtained by the optimum AV method with increased voltage transfer ratio to 1.053. The higher voltage transfer ratio is achieved with the loss of the I/O waveform. Initially SVM is proposed to control only the output voltages, has been successively developed to completely use the switching operation of matrix converter and control the input power factor independent of the output power factor. The control utilizes the input voltages reduces the number of switch commutations in each switching period. Furthermore, as SVM does not use fictitious DC link and tend to have better understanding of the modulation process [10] [11] [12] . The SVM of MC is further classified into (i) Direct SVM and (ii) Indirect SVM. low cost. The RPWM schemes are operated at variable switching frequency. The basic principle of RPWM schemes is either the switching frequency or pulse position or duty ratio is varied in a random manner, the output discrete harmonic spectra are dispersed and it continuously distributed. Hence, the acoustic noise and mechanical vibration can be greatly suppressed. The objective of this paper is to propose the randomized triangular carrier based direct SVM of MC fed Induction Motor Drives. This paper is organized as follows: in Section 2 the fundamentals of MC and the concepts of Direct Space Vector approach are summarized, in Section 3 describes the principle and generation of Pseudo Random Carrier Binary bits for MC. Section 4 explains the implementation of RCDSVM modulation algorithm to MC and in Section 5, examines the performance of RCDSVM for MC fed three phase RL load and open loop induction motor drive using Matlab/Simulink and also discusses the harmonic spectra of output line voltage and the Harmonic Spread Factor (HSF). Final section concludes the paper.
DSVM OF MATRIX CONVERTER

Fundamentals
The schematic circuit of a MC feeding a three phase load is shown in Fig. 1 . The circuit consists of 3Φ voltage source and LC filter at the input, matrix converter and 3Φ induction motor drive at the output. The MC uses nine bidirectional switches, each switch has ON/OFF states and hence the control involves 2 9 = 512 switching states [9] . The switching operation of MC need to prevent (i) the short circuit at the input as the input to the MC is a voltage source and (ii) The open circuit at the output phases as they are motor load which is inductive. Complying with these two constraints of the MC, only 27 switch switching states are valid [9] [11] and [12] . 
The first 18 switching states of Table 1 represent the active vectors and determine the output voltage vector o V and input current vector I i .The magnitude of these vectors depends upon the instantaneous values of the input current and output voltage. In these states any two output phases are connected to the same input phase. The next three switching states represent the zero vectors. All three output phases are connected to the same input phase in these combinations. The remaining six switching states represent the zero vectors and each output phase is connected to a different input phase. Both the magnitude and the phase of the resultant rotating vectors are variable in these states.
Space Vector PWM pplied o MC A t
The Space Vector Modulation for MC is based on the instantaneous space vector representation of input currents and output voltages. SVM uses six sectors of the space, namely 1 to 6 are shown in Fig. 2 . The valid switching states (27) are shown in Table 1 [7] and [8] . The matrix converter with SVM algorithm has the inherent capability to control of both the output voltage and input current displacement angle without the knowledge of load power factor. The principle of SVM algorithm is based on the selection of four active states and switching time duration for each switching period T p . The rest of the duration, zero states are applied to complete T p [9] . of the input current vector. The modulation algorithm is explained using Fig. 3 . Fig. 3 (a) and Fig. 3 (b) Using the same procedure it is possible to determine the four switching states related to any possible combination of output voltage and input current sectors, leading to the results summarized in δ is the total modulation duty cycle for the zero states required to complete the switching period T P. The SVM applied uses all three zero states with equal duty cycles in each switching period. A double sided modulation pattern is used such that the switching state sequence for two successive switching periods for K v = 1 and K i = 1 is 0 3 , -3, +9, 0 1 , -7, +1, 0 2, 0 3 , -3, +9, 0 1 , -7, +1, 0 2 .
PROPOSED PSEUDORANDOM CARRIER DSVM
Principle
"Pseudo random binary sequence is essentially a random sequence of binary numbers. It is random in the sense that the value of an element of the sequence is independent of the values of any other elements. It is 'pseudo' because it is deterministic and after N elements it starts to repeat itself, unlike real random sequences e.g. radioactive decay and white noise. It is implemented using Linear Feedback Shift Registers (LFSR) and produce a predefined sequence of '1's and '0's with 1 and 0 occurring with same probability." Fig. 3 shows the randomized triangular carrier generation. As shown in Fig. 3(a) , the triangular carrier with fixed frequency 'fc + ' and the triangular carriers with fixed frequency but opposite phase 'fc -' are given as input to the 2×1 multiplexer [1] . Both the frequencies (fc + and fc -) are same. The randomized triangular carrier 'R' can be obtained randomly selecting the fc + and fc -by the PRBS output bits 0 or 1 of the random bit generator [16] . Fig. 3(b) , the random bit generator consists of a shift register and XOR gates. It generates the lead-lag random bit trains. A shift register with m-bits is clocked at fixed switching frequency f bit of the register).
Random Carrier PWM Principle
clock . The XOR gate generates the serial input signal from the XOR combination of feedback bits of the shift register. A set of states is generated and repeated after f clock pulses. The maximum number of conceivable states of an m-bits register is K=2 m PRBS=x (4) x(5) x(6) x(8) ⊗ ⊗ ⊗ -1. The random variable PRBS, which is used to decide the pulse position, is obtained by the output of the XOR gate. The random triangular carrier wave is generated from a pseudorandom carrier method. The output, PRBS bits of the random bits generator, is decided as follows [1] [16] .
(6)
Randomized odulation of MC M
The modulation algorithm for randomized DSVM of MC is shown in Fig. 4 . To compute the duty cycles given in Eq. (1) to (6) it is essential to determine the sector and the angle of the reference vectors. The three phase sinusoidal output voltage and input current signals are taken as reference vectors. From these, the three phase magnitudes of V o and I i are converted into a complex pane i.e. α-β using the Clarke transformation. Once the sector and the angles of the reference vectors have been calculated, the duty cycles are evaluated using Eq. (1) to (5) . Then, conduction times are obtained from the duty cycles multiplying by switching period, T P, and dividing by two for the double sided switching strategies. These switching periods are compared with the randomized triangular wave, which has a period of T P to get the nine switching pulses of the MC [6] [7] [8] .
IMPLEMENTATION OF RANDOMIZED DSVM APPLIED TO MC
Simulink Model
The power circuit is built using the Matlab/simulinksimpower system toolbox. The input given to the proposed randomized triangular carrier DSVM for MC is 3Φ, 415V, Y connected 50 Hz supply. The switching frequency, f c for the conventional DSVM and RCDSVM are taken as 5 kHz.
The power circuit consists of the bidirectional switch matrix shown in Fig. 1 , the load and the input filter to smooth the source current. This filter consists of a line inductor and a capacitor in a star configuration and the chosen filter values are 2.93 mH and 50 μF respectively. The proposed technique of randomized triangular DSVM based MC is investigated for an (i) RL load and (ii) open loop induction motor drive, specifications are given in appendix.
Fig . 5 and 6 shows the simulated random triangular carrier wave generation for the switching frequency of 5 kHz and the generation of duty cycle PWM signals for the four active states and three zero states respectively. Then, the output signals are used to select the proper MC state given in table 2. After selecting the MC state, another selector outputs the nine control signals towards the matrix array as shown in Fig. 7 .
5 RESULTS AND DISCUSSION .
Comparison of Conventional DSVM and Proposed RCDSVM for a RL oad L
For evaluating the random PWM technique, a simple indicator of the voltage spectra would be useful. For this purpose, the concept of statistical deviation can be employed and the harmonics spread factor (HSF) [13] is defined as:
Where, N denotes the total number of frequency components considered, is the amplitude of the jth component and is the average value of all components given by:
The HSF quantifies the spread spectra effect of the random PWM scheme and it should be small. For ideally flat spectra of white noise, the HSF would be zero. Matrix converter is a variable output frequency and voltage converter. The supply frequency is 50Hz. If the output frequency is decreased below the supply frequency, the output current increases and the corresponding output voltage decreases thus leads to increase in %THD whereas the HSF decreases with decrease in output frequency and is keenly visible in the performance of MC for conventional DSVM and the proposed RCDSVM shown in Table 2 and Fig. 8 for RL load. If the output frequency is increased above the supply frequency, the output current and the corresponding output voltage decreases thus leads to increase in %THD and HSF shown in Table 3 and Fig. 8 . The maximum voltage transfer ratio q of MC is 0.866. If the value of q is decreased, the output voltage and current decreases which in turn increases the % THD of the output voltage but the output current doesn't have significant increase in % THD and the HSF shown in Table 2 .
From Table 2 & 3, shaded portion gives the performance of RCDSVM for MC fed RL load. It's keenly noted that there is a reduction in HSF from the performance of MC for the proposed scheme than the conventional DSVM and thereby reducing the acoustic noise presented in the system. The evaluation of the proposed scheme is extended to the open loop three phase induction motor drives and its parameters are given in appendix. Fig. 9 shows the simulated line -line voltages and line currents of the conventional DSVM and the proposed RCDSVM scheme. As shown in Fig. 9 , even if the random carrier DSVM scheme applied to an induction motor drive, the motor current waveform of the proposed scheme seems almost similar to the conventional DSVM scheme. In the conventional DSVM scheme as shown in Fig.  10(a) , there will be a cluster of harmonic peak appears at switching frequency (5 KHz) and its multiples. "In general, the 1-10 KHz range is the region of the greatest annoyance for human listeners. Unfortunately, this region may coincide with the switching frequency of the power converters. Hence it is important that the acoustic noise radiated from the induction motor, with a frequency below 10 KHz should be reduced." On the other hand, in the RCDSVM scheme, as shown in Fig.  10(b) , the cluster of harmonic peak are significantly dispersed at the switching frequency and its odd multiples i.e. 5, 15, etc. Their harmonic spectrum seems to be a semi circle around switching frequency of 5 kHz and peak cluster appears at 10 kHz and its multiples.
CONCLUSION .
This paper investigated the performance of the three phase to three phase matrix converter using random carrier direct space vector modulation algorithm for an RL load and three phase induction motor load drive using Matlab. The proposed random carrier DSVM reduces the cluster of harmonics at the switching frequency i.e. 5 kHz and its multiples and appears at 10 kHz. Due to that there is a considerable reduction in the value of the Harmonic Spread Factor (HSF) and thereby reduction in the acoustic noise presented in the system than conventional DSVM. The performance of the proposed scheme is studied and analyzed by varying the output frequency and q for RL load. The Simulation results are presented through Figs. 6 to 10. The inherent characteristics of MC i.e. sinusoidal input output current and the good four quadrant operation using random carrier DSVM fed open loop induction motor drive are analyzed using simulation. 
APPENDIX
